The crystal structure and ionic conductivity properties of a novel microcrystalline Sr 11 Mo 4 O 23 ceramic material are presented. This material has been prepared by thermal treatment up to 1473 K, in air, of previously decomposed citrate precursors. The complex crystal structure was refined from combined X-ray powder diffraction and neutron powder diffraction data. The formula of this phase can be rewritten as Sr 1.75 & 0.25 SrMoO 5.75 , highlighting the relationship with double perovskites A 2 B 0 B 00 O 6 . At room temperature, the crystal structure is tetragonal in space group I4 1 /a, with a = 11.6107 (6) Å , c = 16.422 (1) Å and V = 2213.8 (2) Å 3 . The crystal network contains O anion and Sr cation vacancies. The structure is complex, with Sr, Mo and O atoms distributed over four, two and six distinct Wyckoff sites, respectively. Only one of the Sr sites (SrO 6 ) corresponds to the octahedral network; one of the two MoO 6 types of octahedra is axially distorted. The three other Sr positions occupy the A site with higher coordination. There is an occupational deficit of O atoms of 22 (4)%. This defective framework material presents an interesting ionic mobility, enhanced above 773 K owing to a further reduction in the oxygen content.
Introduction
In the field of materials chemistry, transition metal oxides are currently of significant interest for the development of renewable energy technologies such as solid oxide fuel cells, thermoelectric modules and high-temperature superconductors (Rao & Raveau, 1998; Raveau, 2007) . Fuel cells are among the most promising devices for environmentally clean energy production by directly converting chemical energy into electricity (Steele & Heinzel, 2001; Kartha & Grimes, 1994) . Among them, solid oxide fuel cells (SOFCs) have the unique capability of using a variety of fuels such as hydrocarbons or hydrogen (Singhal & Kendal, 2003) . However, several issues have to be solved in order to improve their efficiency and cost of operation. Reduction of the typically high working temperature, which is around 1173-1273 K, is one of the most important issues, in order to avoid degradation problems due to thermal cycling or diffusion at interfaces and to reduce the cost of the interconnection materials. For this reason, extensive research has been devoted in recent years to the study of novel materials and structures to produce cells capable of working as intermediate-temperature solid oxide fuel cells (IT-SOFCs) . In this investigation it is of paramount importance to unveil the details of the crystal structure in relation to the ionic motion, such as order-disorder transitions, lattice defects, cationic and/or anionic deficiencies, tilting of polyhedra, anisotropic thermal displacements etc. This knowledge is essential to establish relationships between the structures and the macroscopic phenomenology, with the final aim of optimizing the properties of interest.
In particular, perovskite oxides (ABO 3 ) have been protagonists in the field of energy-conversion materials. It is well known that double perovskite oxides (A 2 B 0 B 00 O 6 ) can be derived from the simple ABO 3 perovskite structure by the introduction of two B-site cations arranged in a rock-salt fashion. Some of these materials have an ideal cubic structure, although most present distortions. The most common are the octahedral tilting distortions, which occur when the A-site cation is too small to fill the cuboctahedral cavity within the B 0 B 00 O 6 framework. When this is the case, the B 0 O 6 and B 00 O 6 octahedra rotate as nearly rigid units, thereby maintaining the B 0 -O and B 00 -O distances while allowing for shorter A-O distances.
It is generally assumed that the possible modes of octahedral tilting are limited by the fact that the corner-sharing connectivity of the (B 0 ,B 00 )O 6 network must be maintained. While almost all known perovskites obey this restriction, in the past few years there have been reports of compounds where the corner-sharing connectivity is not maintained (Abakumov et al., 2009) . This only occurs when there is a very large difference in ionic radius (Ár i ) between the B 0 and B 00 cations and a small tolerance factor. The required size mismatch was evaluated as Ár i = 0.50-0.66 Å for the A 2 B 0 B 00 O 6 double perovskites (King et al., 2010) .
Although the majority of structures with broken cornersharing connectivity of the octahedral framework are fluorides or oxyfluorides, nothing prevents mixed oxides from adopting such a structure. So far, only the A-site deficient perovskites A (Tomaszewska & Mü ller-Buschbaum, 1993; Jeitschko et al., 1998; Bramnik et al., 2000; Wakeshima & Hinatsu, 2005 (Hong, 2007) . These vacancies generate an ionic conductivity, which was investigated and reported by Ha et al. (2008) . Ionic conductivity through oxygen vacancies at high temperature makes these materials suitable for use as electrolytes in SOFCs, oxygen sensors and oxygen pumps.
Several molybdate-based ceramic materials which might be useful as components in SOFCs have also been described (Graves et al., 2010) . The first major material based on Mo that was studied for use in SOFCs was the oxide ion conductor La 2 Mo 2 O 9 (Lacorre et al., 2000) . This material was found to have higher O 2À ion conductivity than yttria-stabilized zirconia (YSZ) at temperatures above 873 K, suggesting that it could be a good electrolyte material. However, it is unstable in reducing atmospheres in this temperature range, limiting its practical applicability. Many other Mo-containing oxides with double-perovskite or pyrochlore structures (Graves et al., 2010) have been reported to show promising properties as either anodes or electrolytes for SOFCs.
In this work we combine the A 11 B 4 O 23 framework with the appealing properties of Mo in SOFC materials. We describe for the first time the synthesis of Sr 11 Mo 4 O 23 by a citrate method, and its complex crystal structure is studied by combined X-ray powder diffraction (XRPD) and neutron powder diffraction (NPD). We also investigate the ionic conductivity and its relation to the crystal structure in microcrystalline ceramics. In addition, the effect of temperature is analysed by FT-IR spectroscopy, differential scanning calorimetry, thermogravimetric analysis and thermal expansion measurements.
Experimental
Sr 11 Mo 4 O 23 was prepared as a brown polycrystalline powder from citrate precursors obtained by soft chemistry procedures. Stoichiometric amounts of analytical grade Sr(NO 3 ) 2 and (NH 4 ) 6 Mo 7 O 24 Á4H 2 O were dissolved in citric acid. The citrate and nitrate solutions were slowly concentrated, leading to organic resins containing a random distribution of the cations involved at an atomic level. These resins were first dried at 453 K and then slowly decomposed at temperatures up to 873 K. All the organic materials and nitrates were eliminated in a subsequent treatment at 1073 K for 2 h in air, giving rise to highly reactive precursor materials. The resulting brown powder was then treated in air at 1273 K for 24 h and fired at 1473 K in two periods totalling 12 h, and finally the sample was furnace-cooled to room temperature.
The initial identification and characterization of the sample was carried out by XRPD. The experimental patterns were obtained on a Rigaku D-MAX-IIIC diffractometer with Cu K ( = 1.5418 Å ) radiation; the 2 range was 10-120 in increments of 0.02 and the counting time was 5 s per step. To study the crystallographic structure at room temperature (295 K), NPD patterns were collected on the HRPT diffractometer of the SINQ spallation source (Paul Scherrer Institute, Villigen, Switzerland) with a wavelength of 1.494 Å . Both XRPD and NPD diffraction patterns were analysed in a combined refinement with the Rietveld method using the FULLPROF program (Rietveld, 1969; Rodríguez Carvajal, 1993) .
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) curves were obtained using a Stanton STA 781 instrument. The temperatures of the peaks were measured with an accuracy of AE1 K. Analyses were carried out in an air flow at a heating rate of 1 K min À1 . About 50 mg of powder sample was used in each case.
The FT-IR spectra were measured by transmittance techniques between 4000 and 300 cm À1 and recorded on a Nicolet Protege 460 FT-IR instrument with 32 scans, using the KBr pellet technique.
Measurement of the thermal expansion coefficient (TEC) and electrical conductivity required the use of sintered pellets of 6 mm diameter, heated in air at 1473 K for 12 h. The obtained density is around 90-95% of the crystallographic density. Thermal expansion of the sintered samples was performed in a Linseis L75HX1000 dilatometer between 373 and 1273 K in air, with a heating rate of 5 K min À1 .
The electrical conductivity was measured by two-probe electrochemical impedance spectroscopy from 473 to 1173 K in dry air using an Autolab PGSTAT 302N potentiostat/ galvanostat with an FRA2 frequency-response analyser module. The frequency range was 0.1-10 6 Hz. For these measurements, Pt electrodes were applied on both sides of the sintered pellets by painting with a commercial paste and firing at 1223 K for 1 h.
Results

Crystallographic structure
The structural refinement was performed from combined XRPD and NPD data. At room temperature, this compound presents a cation-deficient structure where the corner-sharing connectivity of the octahedral framework is broken. The crystal structure is defined in the tetragonal space group I4 1 /a, and it is isostructural with the strontium rhenate perovskite research papers Sr 11 Re 4 O 24 (Bramnik et al., 2000) . A minor amount of SrMoO 4 was detected as an impurity and included in the refinement with its crystal structure defined in the space group I4 1 /a. From the scale factor of the main and secondary phases we estimated the impurity level as 5 (1) wt%. The good agreement between the observed and calculated XRPD and NPD patterns after the refinements is shown in Figs. 1(a) and 1(b), respectively. The structural parameters at room temperature are listed in Tables 1 and 2 . 1 Fig. 2 Fig. 3 illustrates the TGA and DSC curves in air for an Sr 11 Mo 4 O 23 sample. The thermal events observed can be separated into three zones. In the low-temperature zone, up to 573 K, an endothermic weight-loss process is observed around 363 K. In the medium zone there is a complex process consisting of two mass losses accompanied by endothermic peaks at around 673 and 848 K. These processes appear to be reversible, since an exothermic mass gain is observed in the cooling curve which begins at 823 K. Finally, in the third zone, an endothermic non-reversible process is shown at 1053 K. We note that these changes are very subtle; all mass changes are about 2%.
TGA and DSC measurements
Therefore, some subtle reversible and non-reversible processes occur when the sample is treated thermally. In order to identify these processes, FT-IR measurements were carried out before and immediately after the heat treatment. For NPD data: R p = 0.134, R wp = 0.175, R exp = 0.0782, 2 = 5.01 and R Bragg = 0.0481. For XRPD data: R p = 0.133, R wp = 0.174, R exp = 0.0777, 2 = 4.99 and R Bragg = 0.125.
Table 2
Main distances and angles in the Sr 11 Mo 4 O 23 structure (Å , ).
3.3. FT-IR measurements Fig. 4 illustrates the FT-IR spectra before and after thermal treatment. The most intense bands (615 and 390 cm À1 ) were assigned to the antisymmetric stretching ( 3 ) and antisymmetric bending ( 4 ) modes, respectively, of the MoO 6 octahedron of the main phase Sr 11 Mo 4 O 23 , according to previous reports of Mo-containing perovskites (Liegeois-Duyckaerts & Tarte, 1974) . The band at 815 cm À1 is assigned to the 1 (symmetric stretching) mode of the MoO 4 tetrahedron of the SrMoO 4 impurity also detected by XRPD.
Additionally, as shown in Fig. 4 , the characteristic bands of hydration water at 3430 and 1650 cm À1 can be identified before heating; the first one is assigned to the 1 (symmetric stretching) and 3 (antisymmetric stretching) modes, while the second band corresponds to 2 (bending mode). The characteristic symmetric stretching band of carbonate ( 1 ) observed at 1435 cm À1 (Nakamoto, 1997) . However, in the FT-IR spectrum collected immediately after heating the sample, the carbonate band disappears and the water modes are strongly reduced.
Thermal expansion measurements
With the aim of determining the mechanical compatibility of our material with the other cell components, thermal expansion measurements were carried out in a dense ceramic. Fig. 5 shows a subtle change in the thermal expansion coefficient from 14.8 to 17.0 Â 10 À6 K À1 at low (423-673 K) and high (923-1223 K) temperatures, respectively. This change is coincident with the reversible mass-loss process between 673 and 848 K observed in TGA. Fig. 6(a) shows the conductivity measurements carried out in a dry air atmosphere. The observed conductivity can be interpreted as the mobility of oxide ions, since Mo is in its hexavalent oxidation state and there are no electronic charge carriers in this oxide. At the lowest measurement temperature, T = 473 K, the conductivity is = 10 À8 S cm À1 , but it increases with temperature and is particularly activated above 673 K, rising by several orders of magnitude. This is concomitant with the changes determined from the TGA and DSC measurements, involving an increment in the concentration of O vacancies. In the two extreme conduction regimes, below 523 K and above 773 K, the conductivity can be represented by T = 0 exp(ÀEa/kT), where Ea and k are the activation energy and the Boltzmann constant, respectively. From the plot of log( T ) versus T À1 , two activation energies are calculated: 0.47 and 0.63 eV in the low-and high-temperature regimes, respectively (Fig. 6b ).
Conductivity measurements
Discussion
As mentioned above, distorted double perovskites with a broken corner-sharing connectivity of the octahedral framework are mostly A-site deficient mixed oxides. The structures reported hitherto with B = Re or Os (Tomaszewska & Mü ller-Buschbaum, 1993; Jeitschko et al., 1998; Bramnik et al., 2000; Wakeshima & Hinatsu, 2005) This superstructure presents a tetragonal symmetry (I4 1 /a) where the cell parameters are connected with the parameter of the simple cubic perovskite ABO 3 (a 0 ) as a = b ' 2(2 1/2 )a 0 and c ' 4a 0 . For this crystallographic model, the Sr atoms are distributed over four different positions, Mo over two and O over six distinct sites. In Tables 1 and 2 correspond to A-site cations exhibiting different coordinations ranging from 12 to 8, while Sr4, Mo1 and Mo2 correspond to B-site cations. Fig. 2(c) shows that atoms Mo1, Mo2 and Sr4 occupy the B positions of the perovskite subcell in an ordered manner, forming a 'rock-salt' type cation sublattice. The Mo1 and Mo2 ions are coordinated by six oxide ions, forming MoO 6 octahedra, whereas the Sr4 ion is coordinated by eight O atoms, forming SrO 8 polyhedra. These polyhedra link the six neighbouring MoO 6 octahedra into a three-dimensional network by corner sharing and edge sharing, respectively (see Fig. 2c ). In order to incorporate the SrO 8 polyhedra, the perovskite octahedral framework is significantly transformed. Mo1O 6 octahedra are only slightly tilted along [110] , whereas Mo2O 6 octahedra are rotated along the same axis by $45 . As shown in Table 2 , both Mo1O 6 and Mo2O 6 octahedra present the same average distances, 1.92 (1) Å , but the degree of distortion is completely different. It can be computed using the distortion index Á(B-O) (Alonso et al., 2000) :
where (B-O) n and hB-Oi are the individual and average bond distances, respectively. The distortion index for Mo1O 6 is 0.47 Â 10 À4 , whereas for Mo2O 6 it is 21.35 Â 10 À4 (see Table 2 ). This increase in Mo2O 6 distortion happens because the Mo2-O4 distance (2.05 Å ) is greater than Mo2-O5 (1.85 Å ) and Mo2-O6 (1.87 Å ). The Mo2 octahedra, indicated in green in Fig. 2, clearly show an axial distortion, where two of the O atoms (shown in yellow) are further apart from Mo than those of the equatorial plane. In assessing the O occupancies in the refinements, atom O4 shows a deficit of 22 (4)%. Furthermore, the O atoms of the equatorial plane exhibit very large displacement parameters, indicating a probable mobility within the structure. These vacancies and displacement parameters are directly related to the conductivity of the material. The stoichiometry found from the combined NPD and XRPD refinements is Sr 11 Mo 4 O 23.1 (2) , in agreement with the expected formula Sr 11 Mo 4 O 23 .
The thermal behaviour was investigated by TGA, DSC and FT-IR measurements, as described above. The irreversible changes are due to dehydration and decarbonation of the sample on the surface: this compound absorbs H 2 O and CO 2 after a time, even when it is kept in a desiccator. As expected, both are endothermic processes. These changes are very subtle and correspond to 0.5 and 1% of the total weight of the sample. The hydration and carbonation were not detected by XRPD, but conspicuous bands were observed in FT-IR (3430 and 1435 cm À1 ), assigned to water and carbonate vibrations, respectively (Fig. 4) . As can be seen, the carbonate band disappears and the water vibration modes are strongly reduced after thermal treatment at 1273 K. For these reasons, we think that both the hydration and the carbonation are purely surface processes. It should be noted that, from consecutive TGA and FT-IR measurements, we found that the amount of water and carbonate remain constant one week after the synthesis. Reaction times of longer than one week did not produce changes in the samples, suggesting that the absorbed impurities reach an equilibrium with the atmosphere after this time.
A more interesting reversible process is observed between 673 and 873 K. Upon heating, it consists of two well defined endothermic weight losses (at 673 and 853 K), while on cooling two exothermic processes of mass gain are observed, although these are broader than in the heating run. This complex reversible process is attributed to a change in the oxygen content of the sample. This change is abrupt during heating but smoother on cooling. This suggests that the loss of oxygen is rapid but the reoxidation process is slow. The loss of oxygen corresponds to 0.5%, which represents 0.54 atoms per formula unit. We can propose the following equilibrium equation: 
which implies the partial reduction of Mo 6+ to Mo 5+ . This change in the oxygen content is also observed in the thermal expansion measurements, where the TEC increases from 14.8 to 17.0 Â 10 À6 K À1 in the temperature range 673-873 K as the oxygen content changes. The calculated values of the TEC are within the range of those usually displayed by SOFC electrolytes.
The conductivity is also influenced by the change in oxygen content. As can be seen in Fig. 6(a) , the conductivity is moderate, but with the loss of oxygen it increases by approximately three orders of magnitude. It is remarkable that such a subtle change in oxygen content affects the overall ionic mobility so strongly. The partial reduction of Mo 6+ to Mo 5+ Scheme of the probable O 2À ion mobility pathways in the structure, indicated by yellow shading.
probably leads to localized Mo 5+ ions, and therefore it is implausible that this contributes to the electronic conductivity. Crystallographically, the more labile O atoms are those constituting the Mo2O 6 octahedron, i.e. O4, O5 and O6. Table 1 shows that atom O4 presents a deficiency of 22% and atoms O5 and O6 display large displacement parameters, which are unrealistic. This suggests that the mobility of oxygen is based upon these three atoms. Fig. 7 shows a scheme of the probable O 2À ion mobility in the structure.
The plot of log( T ) versus T À1 shows linear behaviour below 523 and above 773 K, with activation energies of 0.47 and 0.63 eV, respectively (see Fig. 6b ). These values are slightly lower than those found in phases with similar stoichiometry (Ha et al., 2008) and in conventional electrolytes such as Gd 2 Ti 2 O 7 , YSZ and lanthanum strontium gallate magnesite (LSGM) (Kramer & Tuller, 1995; Yoo & Hwang, 1992; Kim & Yoo, 2001) . Regarding the conductivity, the Sr 11 Mo 4 O 23 electrolyte presents a moderate ionic conductivity. These values are lower than for YSZ at 1273 K and LSGM at 1073 K (Yoo & Hwang, 1992; Kim & Yoo, 2001) , but are close to that of gadolinium-doped ceria above 873 K, which is itself a promising material for IT-SOFC applications (Steele, 2000; Sikalidis, 2011) .
Conclusions
The novel Sr 11 Mo 4 O 23 oxide, a derivative of double perovskites with a broken corner-sharing connectivity of the octahedral framework, is found to present A-site and O vacancies, as shown from a neutron diffraction study. It presents a reversible process of removal/uptake of O-atom content in the 673-873 K temperature range. This change was observed by TGA and DSC techniques and in the thermal expansion. The conductivity is strongly activated after the topotactic removal of 0.54 O atoms per formula unit. This material performs as an oxide ion conductor, with a moderate ionic conductivity compared with conventional electrolyte oxides. This phase constitutes an interesting starting point for designing structurally related derivative materials, with suitable chemical doping designed to promote an enhanced ionic conductivity. JCP thanks CONICET (project Nos. PIP01360/08 and PIP00912/12) and SECyT-UNSL (project Nos. PROICO7707 and PROICO2-1612). DGL acknowledges ANPCyT for financial support (projects PICT2011 Nos. 1948 and 2689).
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